Abstract The interaction of gold atoms with CeO 2 nanocrystals having rod and cube shapes has been examined by cyanide leaching, TEM, TPR, CO IR and X-ray absorption spectroscopy. After deposition-precipitation and calcination of gold, these surfaces contain gold nanoparticles in the range 2-6 nm. For the ceria nanorods, a substantial amount of gold is present as cations that replace Ce ions in the surface as follows from their first and second coordination shells of oxygen and cerium by EXAFS analysis. These cations are stable against cyanide leaching in contrast to gold nanoparticles. Upon reduction the isolated Au atoms form finely dispersed metal clusters with a high activity in CO oxidation, the WGS reaction and 1,3-butadiene hydrogenation. By analogy with the very low activity of reduced gold nanoparticles on ceria nanocubes exposing the {100} surface plane, it is inferred that the gold nanoparticles on the ceria nanorod surface also have a low activity in such reactions. Although the finely dispersed Au clusters are thermally stable up to quite high temperature in line with earlier findings (Y. Guan and E. J. M. Hensen, Phys Chem Chem Phys 11:9578, 2009), the presence of gold nanoparticles results in their more facile agglomeration, especially in the presence of water (e.g., WGS conditions). For liquid phase alcohol oxidation, metallic gold nanoparticles are the active sites. In the absence of a base, the O-H bond cleavage appears to be rate limiting, while this shifts to C-H bond activation after addition of NaOH. In the latter case, the gold nanoparticles on the surface of ceria nanocubes are much more active than those on the surface of nanorod ceria.
Introduction
Gold nanoparticles stabilized by reducible transition metal oxides can efficiently catalyze many interesting reactions [1] [2] [3] , the most notable one being the low temperature oxidation of CO as first described by Haruta et al. [4] . Of determining importance appear to be the size of the metal nanoparticles or clusters, the ability of the support to provide oxygen atoms during catalytic reactions and the influence of the oxidation state of the gold atoms in close proximity to the surface. Among the reducible oxides, ceria (CeO 2 ) is one of the most efficient supports, because of its capability to store oxygen and become reduced [5, 6] . Ceria-supported gold has been shown to catalyze important reactions such as CO oxidation [7, 8] , alcohol oxidation [9] , hydrogenation [10, 11] and the water-gas shift (WGS) reaction [12] .
The active site in Au/CeO 2 catalysts will not be the same for all these reactions. Au 3? , Au ? and Au 0 are known to exist in different proportions in ceria-supported Au catalysts. The exact surface composition will depend on the method of preparation and pretreatment and the metal loading. For instance, Gates and co-workers considered that there is a strong possibility that there are multiple reaction channels for catalysis of CO oxidation by supported gold, involving gold in different oxidation states [3] . For the WGS reaction, isolated gold cations have been claimed as the active sites [12] , although more recently there appears to be consensus that metallic gold cluster are the active sites [13, 14] . A similar debate is apparent about the active sites in alkene hydrogenation [11, [15] [16] [17] .
In line with the importance of the interactions between gold and the support, it has been found that nanoscale forms of ceria contribute to the high activity of small gold particles [18] [19] [20] [21] [22] [23] [24] . Several authors [25] [26] [27] [28] have used nanostructured ceria that expose certain planes to investigate the influence of the nature of the ceria surface on the nature and activity of gold species. By judicious choice of the hydrothermal treatment conditions of hydrolyzed cerium(III) salts, singlecrystalline nanopolyhedra, nanorods and nanocubes were obtained [29, 30] . The results of such studies confirm the strong effect of the crystal plane of ceria on the activity of gold for the WGS and CO oxidation reactions. Gold particles on {110} planes as present on nanorods are more active than those stabilized by {100} planes of nanocubes.
The surface of ceria has been very extensively studied by experimental and theoretical methods. In relation to gold catalysis, it has been argued that surface defects like cerium and oxygen vacancies play a role in the nucleation and stabilization of gold nanoparticles [31] [32] [33] [34] [35] [36] . Another relevant issue is the stabilization of cationic gold in ceria, either at the surface or as a solid solution. Several authors have discussed the substitution of Ce 3? /Ce 4? by Au 3? [20, [37] [38] [39] [40] . Recently, EXAFS structure analysis showed that the isolated Au cations in leached Au/CeO 2 are surrounded by oxygen and cerium, respectively, in the first and second coordination shell in agreement with Au substitution for Ce [11] . Thermodynamically, the adsorption of Au on O vacancies is favored over adsorption on Ce vacancies [33, 40] .
In this work, we use the approach of ceria exposing certain crystal planes (nanorods and nanocubes) to stabilize gold nanoparticles to investigate in detail the nature of the gold phase before and after leaching with cyanide. In situ X-ray absorption spectroscopy, transmission electron microscopy, temperature programmed reduction and CO IR spectroscopy are used to study the surface of the Au/CeO 2 catalysts. By comparing the activity of these catalysts in a wide range of reactions (CO oxidation, alcohol oxidation, butadiene hydrogenation, WGS), we aim to provide further insight into the active site requirements for the various types of reactions.
Experimental

Synthesis of Materials
Nanostructured CeO 2
CeO 2 support materials with controlled crystal shapes were prepared according to literature procedures [30, 41] .
Typically, 40 mL of 0.5 M Ce(NO 3 ) 3 aqueous solution and 60 mL of 10 M NaOH solution were added to a 125 mL Teflon-lined stainless-steel autoclave and stirred for 30 min at room temperature. The sealed autoclave was then transferred to an oven at 373 K (nanorods) or 453 K (nanocubes) and kept at this temperature for 24 h. Subsequently, the precipitate was filtered and thoroughly washed by distilled water several times until the pH of the filtrate was 7. Finally, the precipitate was dried at 383 K overnight and calcined at 773 K in air for 4 h. The rod-and cube-shaped crystals are denoted by CeO 2 (rod) and CeO 2 (cube), respectively. The powder X-ray diffraction (XRD, Bruker D4, Cu Ka) show the cubic fluorite structure of CeO 2 (space group: Fm3m) for these two materials.
Au/CeO 2 Catalysts
Gold catalysts were prepared by deposition-precipitation of gold on the ceria supports [11, 12] . In a typical synthesis, the desired amount of HAuCl 4 and urea were dissolved in 100 mL of distilled water. After addition of 2 g of ceria, the solution was refluxed at 363 K for 2 h. Subsequently, the solid was filtered, dried at 383 K and optionally calcined at 673 K. The target gold loadings were 1, 2 and 6 wt%. A portion of the catalysts was treated with a cyanide-containing solution. An amount of the catalyst was suspended in a 2 wt% NaCN solution (CN/Au molar ratio = 2) at a pH of 12 by addition of NaOH and stirred overnight under aeration. After this leaching treatment, the resulting suspension was filtered, dried at 383 K overnight and calcined at 673 K for 4 h in air. The gold catalysts are denoted by Au/CeO 2 (crystal shape)-CN with the optional postfix to indicate the leaching treatment.
Characterization of Materials
Elemental Analysis
The gold loading was determined by inductively coupled plasma atomic emission spectroscopy (ICP-OES) analyses performed on a Goffin Meyvis SpectroCirus ccd apparatus. The samples were dissolved in a 3:1 HCl/HNO 3 solution.
XRD
Powder XRD diffractograms were recorded on Bruker D4 Endeavour (Cu Ka, scan between 10 and 80°, 0.02°per step and 2.5 s per step).
Textural Properties
The BET surface area was measured by nitrogen adsorption at 77 K on a Micromeretics Tristar 3000 analyzer after drying the materials at 423 K. 
Temperature-Programmed Reduction (TPR)
TPR experiments were carried out in a flow apparatus equipped with a fixed-bed reactor, a computer-controlled oven and a thermal conductivity detector. Typically, an amount of catalyst was contained between two quartz wool plugs in a quartz reactor. Prior to TPR, the catalyst was oxidized by exposure to a flowing mixture of 4 vol% O 2 in He under heating to 723 K at a rate of 10 K/min. After the sample was cooled to room temperature in flowing nitrogen, the sample was reduced in 4 vol% H 2 in N 2 at a flow rate of 8 mL/min, whilst heating from room temperature up to 1073 K at a ramp rate of 10 K/min. The H 2 signal was calibrated using a CuO/SiO 2 reference catalyst.
Infrared Spectroscopy of Adsorbed CO
Infrared spectra were recorded at room temperature on a Bruker IFS-113v Fourier transform IR spectrometer with a DTGS detector at a resolution of 4 cm -1 . Typically, a wafer was prepared with a density of *10 mg/cm 2 and placed in a controlled atmosphere cell. The sample was pretreated in oxygen or hydrogen at the desired temperature for 1 h. Subsequently, the cell was evacuated to a pressure lower than 10 -6 mbar and the sample was cooled to 80 K. An initial infrared spectrum was recorded that served as the background for further spectra. Small doses of CO (*0.4 lmol) were introduced into the cell followed by recording an IR spectrum until saturation of the bands in the carbonyl stretching region. FTIR spectra of adsorbed CO were then recorded intermittent to the following treatment scheme: (i) reduction by H 2 at 393 K, (ii) reoxidation at 313 K, (iii) reduction at 773 K and (iv) reoxidation at 313 K. Each step was followed by extensive evacuation and cooling to 80 K.
X-Ray Absorption Spectroscopy (XAS)
X-ray absorption measurements were carried out at the Dutch-Belgian Beamline (Dubble) at the ESRF (France). Data were collected at the Au L III edge in fluorescence mode with a 9-channel solid-state detector. To decrease the strong fluorescent radiation caused by cerium, an aluminum foil (thickness 60 lm) was placed in front of the fluorescence detector. Energy selection was done by a double crystal Si(111) monochromator. Background removal was carried out by standard procedures with the Viper software. EXAFS analysis was then performed with EXCURVE931 on k 3 -weighted unfiltered raw data using the curved wave theory. Phase shifts were derived from ab initio calculations using Hedin-Lundqvist exchange potentials and Von Barth ground states. Energy calibration was carried out with a gold foil. The amplitude reduction factor S 0 2 associated with central atom shake-up and shakeoff effects was set at 0.88 by calibration of the first-and second-shell Au-Au coordination numbers to 12 and 4, respectively, for k 3 -weighted EXAFS fits of the Au foil. The whiteline of the XANES part of the absorption spectrum was fitted by linear combinations of reference catalysts by a least-squares method.
Spectra at the Au L III edge were recorded in a stainlesssteel controlled atmosphere cell. The cell was heated with two firerods controlled by a temperature controller via a thermocouple placed close to the catalyst sample. Typically, an amount of 100 mg of sample was pressed in a stainless steel holder and placed in the cell. High-purity carbon foils with a thickness of 150 lm were used as windows. High-purity gases (He, 5 vol% H 2 in He or 20 vol% O 2 in He) were delivered by Bronkhorst thermal mass flow controllers. The total gas flow was kept at 20 mL/min. The catalyst sample was heated in He to 393 K at a rate of 10 K/min. EXAFS spectra were recorded after cooling to room temperature. For the high-loading catalyst three consecutive scans were measured, while for the low-loading catalysts six scans were averaged. For in situ WGS experiments the feed consisted of a flow of 5.8 vol% CO and 11.6 vol% H 2 O in He at a total flow rate of 50 mL/min. The CO conversion was determined by a Agilent MicroGC system equipped with a Porapak Q column with a thermal conductivity detector.
Catalytic Activity Measurements
The catalytic activity in the oxidation of carbon monoxide and the hydrogenation of 1,3-butadiene was evaluated in a parallel ten-flow microreactor system. The effluent products (CO, CO 2 and O 2 for CO oxidation and 1,3-butadiene, butenes and butanes for 1,3-butadiene hydrogenation) were analyzed by an Interscience CompactGC online gas chromatograph equipped with Porapak Q (TCD), Molecular sieve 5A (TCD) and a PLOT KCl/Al 2 O 3 columns (FID). For CO oxidation, the feed mixture contained 1 vol% CO and 1 vol% O 2 in He at a total flowrate of 100 mL/min. An amount of 15 mg of catalyst was diluted with 250 mg of SiC of the same sieve fraction and contained between two quartz wool plugs in a quartz reactor with an internal diameter of 4 nm. CO conversion was determined in the temperature range from 293 to 373 K. Hydrogenation of 1,3-butadiene was carried out at 383 K in a mixture of 2 vol% 1,3-butadiene in H 2 at a total flow rate of 20 mL/min. Prior to reaction, the catalysts were pretreated at 393 K in a flow of 10 vol% H 2 in He.
The water gas shift (WGS) reaction was carried out in a quartz reactor with an internal diameter of 4 mm. Typically, an amount of 50 mg catalyst was used. The feed flow was 40 mL/min and consisted of 40 vol% N 2 , 20 vol% H 2 O, 20 vol% H 2 , 10 vol% CO and 10 vol% CO 2 . Prior to reaction, the catalyst was reduced in a mixture of 5 vol% H 2 in N 2 under heating from 293 to 453 K at a rate of 2 K/min.
The aerobic oxidation of benzyl alcohol was carried out as previously reported [42] . A round-bottle flask (25 mL) was charged with 100 mg of catalyst, 1 mmol of benzyl alcohol and 9.9 mL of toluene. Some experiments were carried out in the presence of 40 mg NaOH. In such case, the catalyst amount was kept at 50 mg to avoid complete conversion under otherwise similar conditions. Molecular oxygen was bubbled through the reaction mixture at a flow rate of 20 mL/min. The resulting mixture was then heated at 373 K for 1 h and cooled to room temperature. The reaction products were analyzed by a Shimadzu QP 5050 GC-MS (CP-Sil 8CB, 50 m 9 0.32 mm, d f = 0.15 lm). Figure 1 shows representative transmission electron micrographs of CeO 2 nanorods and nanocubes. The ceria rods have a typical width of 6.5 ± 1.6 nm with a broad length distribution between 30 and 200 nm. The ceria nanocubes have a size distribution ranging from 20 to 60 nm. The exposed surfaces for CeO 2 nanorods have mostly been confirmed as {110} and {100} planes [26, 30, 41] . Although the d-spacing along the long side of CeO 2 (rod) of 0.31 nm by analysis of our TEM images suggests the presence of {111} planes in line with recent other work [43] , we adopt here the assignment of {110} planes. A more detailed EM analysis would be necessary to resolve this issue for our ceria nanorods. The surface of CeO 2 (rod) exhibits a defective structure, which is thought to be due to the presence of oxygen vacancies in the surface. The {100} plane with a d-spacing of 0.27 nm dominates on CeO 2 (cube) [30] . Figure 2 displays representative transmission electron micrographs of gold nanoparticles supported by CeO 2 (rod) and CeO 2 (cube) at a metal loading of 2 wt%. The size of the gold particles is in the range of 2-8 nm. The average particle size is 4.6 ± 1.5 and 4.7 ± 1.5 nm for Au/ CeO 2 (rod) and Au/CeO 2 (cube), respectively. The values are close to the particle size of 4.0 nm determined for a 2 wt% Au supported on polyhedral ceria [11] . Most gold nanoparticles have a pyramidal shape. This has led others to propose that the atoms in the top layers of such particles are metallic, while those atoms that form the interface with the support are oxidic [44] [45] [46] .
Results and Discussion
Upon cyanide leaching of these materials, the gold loading has decreased substantially ( Table 1 ). The leached Au/CeO 2 (rod) catalyst contains 0.38 wt% Au. The gold loading in Au/CeO 2 (cube)-CN is lower than the detection limit of 0.01 wt%. These results are in qualitative agreement with those obtained by Si and Flytzani-Stephanopoulos [26] . The electron micrographs of both leached catalysts do not show gold nanoparticles anymore, indicating that leaching is effective in removing the large nanoparticles in the parent materials. These results are in agreement with our earlier reported results [11] .
In order to obtain more insight into nature of the interaction of gold with the ceria surfaces, the leaching procedure was carried out for a set of ceria nanorod-and nanocube-supported catalysts with varying gold loading. Table 1 shows that the amount of gold retained by CeO 2 (rod) upon leaching does not strongly depend on the gold loading of the parent material. For a set of Au/ CeO 2 (cube) gold was completely removed by cyanide leaching. To establish at what stage of the preparation the specific interaction of gold with the ceria surface is brought about, cyanide leaching was carried out on a Au/CeO 2 (rod) catalyst that had not been calcined after deposition-precipitation. Instead, the precursor has been dried at 333 K. In this case, the gold loading after leaching was only 0.086 wt% indicating that the strong metal-support interaction is brought about by calcination of the catalyst precursor. In this material gold is predominantly present as gold hydroxides. The function of the cyanide ions is then to complex the gold cations. A final experiment was done to exclude the possibility that the strong interaction between gold and the surface of CeO 2 (rod) is brought about during the leaching process. To this end, cyanide leaching of Au/ CeO 2 (rod) was carried out followed by filtration. The filtrate was brought in contact with fresh CeO 2 (rod) and was then filtered again. The gold loading of this material was 0.089 wt%. The finding that the amount of gold adsorbed in this case is close to the amount remaining after leaching of the non-calcined catalyst may indicate that part of the gold on CeO 2 is adsorbed at vacancies in the ceria surface during such treatments.
Hydrogen TPR measurements were carried out to determine differences in the reducibility of the catalysts. Figure 3 contains the TPR traces for the catalysts and Table 2 collects the maxima of the TPR traces and the total hydrogen consumption for the supports and the catalysts. The higher hydrogen uptake of CeO 2 (rod) (571 lmol/g) than that of CeO 2 (cube) (121 lmol/g) is due to the difference in surface area. The reduction of the support materials (not shown) takes place in the region 723-823 K in agreement with results for conventional CeO 2 [47] . The reduction of Au/CeO 2 (rod) and Au/CeO 2 (rod)-CN occurs around 430 K. The hydrogen uptake takes place in a much broader temperature range for the former catalyst than for the latter. The hydrogen uptake of Au/CeO 2 (rod) is slightly higher than that of the support, whereas the uptake of Au/ CeO 2 (rod)-CN is close to the value determined for the support. This result confirms that nearly all surface oxygen species of ceria can be reduced at low temperature, even in the presence of a relatively small amount of gold as in Au/ CeO 2 (rod)-CN [18, 48] . The somewhat higher uptake of Au/CeO 2 (rod) is probably due to the reduction of gold surface oxides. Typically, calcination of the gold hydroxide precursor phase results in gold metal nanoparticles with some residual surface oxygen [49] . As a large fraction of gold is already reduced, hydrogen atoms from H 2 dissociation by gold spill over to the ceria support and reduce its surface [50] [51] [52] . The hydrogen uptake for the cyanideleached Au/CeO 2 (rod) takes place in a much smaller temperature range. This indicates that the gold particles are oxidic and that they are more difficult to reduce than the gold nanoparticles in the parent material. The reduction in Au/CeO 2 (cube) takes place at relatively low temperature. Interestingly, the hydrogen uptake is substantially lower than that of the parent ceria nanocube support. After cyanide leaching, a hydrogen uptake feature is observed around 525 K. It might be that this latter feature is due to the partial surface reduction of CeO 2 (cube) facilited by the may be assigned to CO adsorbed to positively charged gold species [19, 53] , but care has to be taken because this band overlaps with the band due to CO adsorption to Ce 3? centers [54, 55] . The band at 2116 cm -1 is due to the adsorption of CO to metallic gold [56] . Boccuzzi et al. [57] [58] [59] have proposed that CO stretching band on gold nanoparticles in the range of 2106-2118 cm -1 relates to CO adsorption to corner sites. The band at 2207 cm -1 is likely due to CO adsorbed to Au 3? [55] . Figure 4 shows the corresponding IR spectrum of the calcined Au/CeO 2 (cube) catalyst. A strong band at 2117 cm -1 is observed, indicative of the presence of neutral gold nanoparticles [56] . The bands around 2130 and 2207 cm -1 present in the spectra of Au/CeO 2 (rod) are not observed, which suggests that this sample does not contain cationic gold species. The absence of the band at 2130 cm -1 also shows that the surface of ceria nanocubes does not contain Ce 3? vacancies. These FTIR spectra considerably changed following reduction in H 2 at 393 K. The band at 2130 cm -1 becomes much more intense (Fig. 4) , which should be due to the increased density of Ce 3? sites at the surface. New bands appear at 2028, 2084, and 2103 cm -1 . The former two bands are assigned to CO adsorption on anionic gold clusters [56, 58, 59] . The latter band at 2103 cm -1 has been assigned to CO adsorption on well-reduced gold particles. This band replaces the one at 2116 cm -1 , which has previously been assigned to CO adsorption on metallic gold in the presence of surface oxygen species [58] . This latter assignment agrees with the changes in the band's position upon reduction.
In contrast to these results, the corresponding spectrum (Fig. 4 ) of Au/CeO 2 (cube) does not show an increase of the band at 2130 cm -1 . This corresponds to the earlier noted absence of reduction of the surface of CeO 2 (cube) at low temperatures. More importantly, the observation of a single band for gold at 2105 cm -1 indicates that gold is present as reduced gold nanoparticles. The substantial difference in the IR spectra between Au/CeO 2 (cube) and Au/CeO 2 (rod) may be due to the presence of very finely dispersed gold clusters in strong interaction with the support in the latter catalyst. These particles are not observed by conventional bright-field TEM. The less likely alternative is that the nanoparticles visible by TEM in both catalysts behave completely different.
Upon exposure of the reduced catalysts to O 2 at 313 K the band at 2116 cm -1 appeared again at the expense of the one around 2105 cm -1 in Au/CeO 2 (rod) and Au/CeO 2 (cube). This effect can be understood by the presence of surface oxygen adatoms and has been reported before for both ceria-and silica-supported gold nanoparticles [58, 60] . Another observation is the disappearance of the bands below 2100 cm -1 . This could be due to the oxidation of the very fine clusters of gold on the ceria surface in Au/ CeO 2 (rod). To investigate the stability of the gold nanoparticles against sintering at high temperature, the sample was further reduced at 773 K. In the case of Au/CeO 2 (rod) the bands at 2084 and 2103 cm -1 were recovered, but with a much lower intensity. This indicates that the gold clusters and particles have substantially sintered. Expectedly, the same shift of the band at 2117 cm -1 towards lower wavelength was observed after high-temperature reduction of Au/CeO 2 (cube). Also in this case the intensity is much lower, suggesting that the nanoparticles have grown in size. Figure 5 contains the FTIR spectra for the leached Au/ CeO 2 catalysts. The spectrum of Au/CeO 2 (rod)-CN after reduction at 393 K contains only a weak feature around 2130 cm -1 . After oxidation this band disappears. X-ray absorption spectroscopy is a useful technique to obtain detailed information about the oxidation state and structure of small supported gold particles [61] [62] [63] [64] [65] . Au L III near-edge spectra at room temperature, drying and reduction at various temperatures for Au/CeO 2 (rod), Au/ CeO 2 (rod)-CN and Au/CeO 2 (cube) are collected in Fig. 6 . The dried Au/CeO 2 (rod) catalysts contain a whiteline at *4 eV above the edge, which is typical for Au 3? compounds [62] . This feature is more intense for the leached catalyst, indicating that a larger fraction of the gold atoms is in the cationic form. The whiteline is nearly absent for Au/CeO 2 (cube). Quantification of the amount of cationic gold was carried out by fitting the near-edge spectra by linear combinations of the XANES spectra of a gold foil and that of Au/CeO 2 (CN) [11] . The latter catalyst exclusively contained cationic gold as was evident from the EXAFS data analysis. The fraction of cationic gold in these materials as a function of the pretreatment conditions is given in Fig. 7 . Au/CeO 2 (rod)-CN only contains cationic gold after preparation. Reduction at 393 K in H 2 leads to a substantial decrease of the fraction of cationic gold. After reduction at 473 K only 9% cationic gold is left. To completely reduce the gold a temperature of 773 K is required. The fraction of cationic gold in Au/CeO 2 (rod) is initially much lower and then decreases similarly to Au/ CeO 2 (rod)-CN to very low levels at 773 K. The fresh Au/ CeO 2 (cube) catalyst contains nearly 90% reduced gold atoms. This amount is nearly independent of the reduction temperature. Table 3 shows the fit parameters of the Fourier transformed k 3 -weighted EXAFS functions for Au/CeO 2 (rod), Au/CeO 2 (rod)-CN and Au/CeO 2 (cube). The FT functions of the EXAFS functions and the fits for the Au/CeO 2 (rod) catalysts are shown in Fig. 8 . The FT EXAFS spectrum of dried Au/CeO 2 (rod) contains a Au-Au shell at a coordination distance (R) of 2.84 Å with a coordination number (CN) of 7.3. It also contains a small contribution of an oxygen backscatterer. These data point to the presence of metallic, yet not fully reduced gold nanoparticles with a particle size of about 3-4 nm [66] . Reduction at 523 K results in the disappearance of the Au-O shell and a small increase of the Au-Au shell. Further reduction at 773 K induces a slightly higher CN and a longer bond distance. The spectrum of dried Au/CeO 2 (rod)-CN is completely different and can only be fitted by the inclusion of a Ce backscatterer next to a Au-O shell. The first coordination shell contains *3 oxygen atoms at R = 1.99 Å . The features at larger distance could not be fitted with a Au shell, as present in gold metal or in gold oxide (Au 2 O 3 : 3.03 and 3.34 Å [67] ). This excludes the presence of small gold or gold oxide nanoparticles. Thus, a reasonable fit was obtained by including a Au-Ce shell at R = 3.27 Å . The structural parameters point to the presence of gold substituting at a cerium vacancy. These structural features were previously also found for leached Au/CeO 2 [11] . Reduction at 523 K results in a complete change of the structure around the gold atoms. The fit parameters show a Au-Au contribution at R = 2.74 Å with CN = 4.0 and a small contribution of oxygen at R = 1.95 Å . The Ce shell has disappeared. In agreement with the XANES results, this implies that the gold cations were reduced and have transformed into very small metallic clusters. The relatively short Au-Au distance is in line with the small size of the particles in this catalyst [66, [68] [69] [70] . The very low coordination number suggests that the particles have subnanometer dimensions [11, 61] . Upon reduction of the catalyst at 773 K, CN and R for the Au-Au shell increase to 7.2 and 2.78 Å , respectively. These changes point to sintering of the small clusters to larger particles. The decreasing contribution of oxygen neighbours may be attributed to the decreasing interaction with the support or more complete reduction. The EXAFS fit parameters of Au/ CeO 2 (cube) reduced at 523 K and 773 K evidence the presence of well-reduced gold nanoparticles of around 4 nm.
To obtain more insight into the structure-activity relations of ceria-supported gold catalysts, we have compared the catalytic performance of the nanostructured gold catalysts in a number of commonly used oxidation and hydrogenation reactions ( Table 4 ). The nanostructured ceria supports were not active in CO oxidation at temperatures below 373 K. In line with previous reports [25] [26] [27] the turnover frequencies (TOF) follow the trend Au/ CeO 2 (rod) [ Au/CeO 2 (rod)-CN [ Au/CeO 2 (cube). The leached counterpart of Au/CeO 2 (cube) does not show any activity. To calculate the TOFs the dispersion for the nonleached catalysts was determined from the TEM particle size, while that of Au/CeO 2 (rod)-CN was assumed to be one. We expect that the Au/CeO 2 (rod) contains also very dispersed gold cations or clusters that were not imaged by EM analysis. As these cations are stable under the oxidizing reaction conditions, the TOF for Au/CeO 2 (rod) Fig. 7 Fraction of cationic gold after heating in He and H 2 at various temperature as determined by analysis of the near-edge spectra of filled circle Au/CeO 2 (rod), filled square Au/CeO 2 (rod)-CN and filled triangle Au/CeO 2 (cube) To understand the importance of the nature of the gold phase in more detail, we compared the CO oxidation activities of the two nanorod-supported gold catalysts after different treatments. CO oxidation was carried out in ramping mode (5 K/min) between room temperature and 373 K. Table 5 compares the CO conversion at 313 K during consecutive runs and after intermittent reduction at various temperatures. The activities of these catalysts increased upon consecutive reaction runs. Reduction at 373 K and higher had a slightly negative effect on the CO conversion of Au/CeO 2 (rod) up to 623 K. Reduction of this catalyst at 773 K led to a strong decrease of the activity. Reduction increases the activity of the leached catalyst. Also for this catalyst, a pronounced decrease in CO conversion was noted upon reduction at 773 K. This result is consistent with previous reports that the CO oxidation activity on gold catalyst is very sensitive to the treatments [71, 72] . Clearly, the chemical properties of gold clusters are changing with different pre-treatment conditions. Figure 9 shows the CO conversion during the WGS reaction as a function of temperature for Au/CeO 2 (rod) and Au/CeO 2 (rod)-CN. The CO conversion of Au/CeO 2 (cube) was below 2% and did not depend on temperature. The catalysts were reduced at 453 K prior to reaction. At 473 K the CO conversion was 2.5% for Au/CeO 2 (rod). With temperature the CO conversion increased to about 18% at 673 K. Following the subsequent decrease of the reaction temperature the activities became slightly lower than during the increasing temperature mode. The initial CO conversion of Au/CeO 2 (rod)-CN at 473 K was about two times higher than that of Au/CeO 2 (rod). The CO conversion increased to about 15% at a temperature of 553 K. At this temperature the conversion difference with Au/ CeO 2 (rod) was a factor two. A further increase of the temperature led to severe deactivation and only after reaction above 633 K a small activity increase was noted. During the decreasing temperature branch the activity of the catalyst was substantially lower than during the increasing temperature branch. To compare the intrinsic activities of these two catalysts, we assume that the dispersion of Au/CeO 2 (rod) is that of the fresh catalysts (4.6 nm, D = 28%). Reduction at 523 K of Au/CeO 2 (rod)-CN results in a coordination of 4. This implies that (nearly) all gold atoms can participate in the catalysis (D = 100%). A rough approximation learns that Au/CeO 2 (rod)-CN is about four times more active per surface gold atom than Au/CeO 2 (rod) at a temperature of 533 K. This difference is likely due to the dependence of the oxygen surface coverage as a function of the particle size. Small particles can become more easily oxidized, as is also evident from the above-described CO IR results. Deng et al. [74] have found that gold agglomeration during WGS operation results in loss of surface oxygen and might be an explanation for the loss in activity. The temperature-programmed experiments were repeated with the difference that during the decreasing temperature branch 20 ppm H 2 S was added to the reactor feed. This had a detrimental effect on the catalytic activity and no conversion of CO was observed anymore. Further experiments concentrated on the role of cationic gold in the WGS reaction. X-ray absorption spectroscopy was employed at 373 and 473 K during the WGS reaction. Flytzani-Stephanopoulos and co-workers [73] already performed such an in situ study and therefore we only briefly discuss these results. Whereas calcined Au/ CeO 2 (rod)-CN only contained cationic gold (Fig. 6) , exposure of this catalyst to an atmosphere of CO/H 2 O for 15 min at 373 K resulted in the complete reduction of the gold phase (Fig. 10) . The reduction is more extensive than upon treatment in H 2 at 393 K. Treatment in 20% O 2 /He led to reoxidation of only 20% of the gold atoms. This shows that the initially isolated gold cations have agglomerated into small Au clusters that can only be partially reoxidized [73] . Under similar conditions Au/ CeO 2 (rod) contained only metallic gold. EXAFS spectra recorded for Au/CeO 2 (rod) after prolonged WGS at 473 K showed a constant Au-Au coordination number of 7.4, which agrees well with the results reported in Table 3 . A similar analysis for Au/CeO 2 (rod)-CN gave a Au-Au coordination number of 4.4 under WGS conditions. These results show that the gold phases in these materials under WGS conditions are very similar to the gold phases after reduction in H 2 . Based on the CO conversion measured during the in situ EXAFS experiments, we again find a higher TOF of 2.2 mol CO /mol Au Ámin for Au/CeO 2 (rod)-CN than the value of 1.3 mol CO /mol Au Ámin for Au/CeO 2 (rod).
Besides gas-phase CO oxidation, gold catalysts have also been reported to be excellent catalyst for selective oxidation of alcohols with molecular oxygen [2, 42, 74] . Table 5 includes the TOFs of the fresh catalysts based on the amount of benzylic alcohol converted and the total amount of gold. The selectivity to benzaldehyde was [99%. The TOF of Au/CeO 2 (rod) is substantially higher (59 h -1 ) than that of Au/CeO 2 (cube) at 14 h -1 . As the use of base is known to improve the activity in alcohol oxidation of these catalysts, we carried out similar experiments in the presence of a small amount of NaOH. In such case, the activity of Au/CeO 2 (rod) and Au/CeO 2 (cube) became 108 and 193 h -1 , respectively. Figure 11 shows the activities of the various catalysts in the hydrogenation of 1,3-butadiene at 383 K. The catalysts underwent severe deactivation during the reaction. The butenes selectivity at 383 K remained close to 99% in all cases. The deactivation with time on stream has been reported previously [75] and is likely due to the relatively strong adsorption of butadiene to the catalyst surface. TOFs were calculated based on the butadiene conversion after 3 h time on stream. The TOF of Au/CeO 2 (rod) (0.21 s -1 ) is seven times higher than that of Au/CeO 2 (cube) (0.03 s -1 ) at the same gold loading and particle size. The intrinsic activity is even higher after cyanide leaching of Au/CeO 2 (rod) and amounts to 0.47 s -1 . This difference is consistent with our previous results [11] .
General Discussion
The results of this study further underpin the notion that the specific surface plane of ceria to which gold atoms binds has a very profound influence on the nature and catalytic activity of gold. These ceria nanorods are most likely enclosed by {110} and {100} surface planes [26, 30, 41] . Deposition-precipitation of gold results in a small fraction of gold atoms that interact so strongly with the ceria surface that these cannot be leached. Calcination results in the dispersion of a more substantial fraction of gold ions into the surface. EXAFS spectroscopy suggests that these Au cations substitute Ce ions in the surface. These dispersed cations resist cyanide leaching. The amount of gold cations that can be accommodated on the nanorods in this manner does not depend on the initial gold loading. This suggests that some specific sites at the ceria nanorod surface are able to accommodate these cations. For a polycrystalline CeO 2 support with a surface area of 80 m 2 /g prepared by hydrolysis of Ce(NO 3 ) 3 with urea at 363 K, we found that only 0.08 wt% Au could be retained upon cyanide leaching [11] . The structure around these gold cations is very similar to that determined for Au/CeO 2 (rod)-CN. This finding suggests that the higher amount of gold retained in the latter case is due to the higher contribution of {110} surface planes to the surface area of CeO 2 [76] .
Characterization shows that reduction of Au/CeO 2 (rod)-CN results in very small gold clusters. The FTIR results suggest that these small clusters are present in Au/ CeO 2 (rod) and Au/CeO 2 (rod)-CN. The former catalyst also contains gold nanoparticles. Of importance is that these small gold clusters can be reoxidized to a large extent. In contrast, the gold nanoparticles may accommodate some oxygen atoms at their surface as follows from the changes in the position of the relevant IR band of adsorbed CO. It appears that deposition-precipitation of gold on CeO 2 (cube), which mainly exposes {100} surface planes, only gives reduced gold nanoparticles. The behavior in CO IR spectroscopy upon reduction and oxidation is very similar to that of the nanoparticles in Au/CeO 2 (rod). Thus, the main difference between Au/CeO 2 (rod) and Au/CeO 2 (cube) is the presence of isolated gold cations stabilized by the {110} in the former. These cations resist cyanide leaching and form finely dispersed gold clusters upon reduction.
The catalytic activity in CO oxidation has been argued to depend on the simultaneous presence of cationic and reduced gold [3] . In accordance with this, Au/CeO 2 (cube), which does not contain cationic gold species, has a very low CO oxidation activity. The Au/CeO 2 (rod) catalysts exhibit a higher activity. The intrinsic activity of the leached catalyst is higher than that of the parent one. Fresh Au/CeO 2 (rod)-CN is active in CO oxidation at 313 K. Although this may suggest that gold cations are also active for this reaction, Gates and co-workers [63] have shown that very small gold clusters are formed from isolated gold during reaction. The increase of the activity of Au/ CeO 2 (rod)-CN upon reduction underpins the notion that reduced gold atoms are beneficial for CO oxidation. On the other hand, the high activity appears also to be correlated to the ability of the small gold clusters in Au/CeO 2 (rod)-CN to be reoxidized [77] . The observation that part of the high activity of Au/CeO 2 (rod) is lost may point to the loss of finely dispersed gold clusters due to agglomeration with the larger nanoparticles. For the case of the leached catalyst, these gold clusters remain dispersed and this provides a reasonable explanation for the higher intrinsic activity in CO oxidation after reduction. Similarly, clear indications have been found that the presence of surface oxygen at the gold surface is important for high activity in the WGS reaction [73] . Thus, the finely dispersed gold clusters obtained from Au/CeO 2 (rod)-CN are more active catalysts than the gold nanoparticles in Au/ CeO 2 (rod). The higher activity of the leached catalyst is maintained up to reasonably high temperature, whereupon probably more extensive reduction to larger gold nanoparticles occurs [73] and less oxygen can be stabilized. This trend can also be observed from the CO IR data that point to a decreasing contribution of finely dispersed gold with increasing reduction temperature. The WGS reaction conditions appear to be more conducive to gold agglomeration than those involved in CO oxidation and 1,3-butadiene hydrogenation [11] , an effect which is undoubtedly due to the presence of water. Moreover, we found that exposure of the gold cations in Au/CeO 2 (rod) to the WGS feed (CO/H 2 O) at 373 K already results in full reduction in contrast to reduction in H 2 at the same temperature. Au/CeO 2 (cube) does not contain cationic gold and accordingly shows a very low activity in the WGS reaction [26] .
The catalytic activity of these catalysts in the selective oxidation of benzylic alcohol is related to the presence of metallic gold particles. The gold cations in Au/CeO 2 (rod)-CN do not show any activity. It has been put forward that C-H bond cleavage at the gold surface is the rate limiting step in alcohol oxidation [78, 79] . Another important step is the proton abstraction from the alcohol group. Indeed, very often a soluble base is added to facilitate this reaction [80] . The support may also act as a base [42] . In the absence of a base, O-H bond activation may be slow and, in such case, surface oxygen atoms may facilitate this process. Interestingly, the activity of Au/CeO 2 (rod) is higher than that of Au/CeO 2 (cube) in the absence of a soluble base. A tentative explanation is the role of the CeO 2 surface or of the gold cations in oxygen activation, thus facilitating alcohol activation. Indeed, both catalysts become much more active upon addition of NaOH. Thus, without base the O-H bond cleavage is argued to be the rate limiting step, while this shifts to C-H bond activation in the presence of NaOH. In the latter case, the gold nanoparticles on the surface of ceria nanocubes are much more active than those on the surface of nanorod ceria. The reason for the substantially higher activity of Au/CeO 2 (cube) remains unclear here.
The intrinsic activity in 1,3-butadiene hydrogenation of Au/CeO 2 (rod)-CN (TOF = 0.47 s -1 ) is higher than that of its unleached counterpart (TOF = 0.21 s -1 ). These results are in qualitative agreement with the results for a gold catalyst supported by polycrystalline CeO 2 [11] . The activity difference is however substantially smaller and this is related to the relatively low reduction temperature of 393 K employed in this study. As follows from the nearedge spectra, a substantial part of the gold phase in Au/ CeO 2 (rod)-CN remains in the oxidic phase. The catalysts deactivate slightly with reaction time, which is due to some coke formation on the surface as is evident from the color change of the catalysts.
Conclusions
The gold phase supported on ceria nanorods and nanocubes shows a strong dependence of the catalytic activity on the exposed surface planes of ceria. After standard depositionprecipitation, both forms of ceria contain gold nanoparticles in the range 2-6 nm, which can be removed by cyanide leaching. Additionally, the ceria nanorods stabilize a small amount of gold cations, which resist cyanide leaching. EXAFS of the leached ceria nanorod catalyst shows that the gold cations replace Ce ions in the surface plane of the nanorods. Upon reduction these isolated Au atoms form finely dispersed Au clusters with a high activity in CO oxidation, the WGS reaction and 1,3-butadiene hydrogenation. By analogy with the very low activity of reduced gold nanoparticles on ceria nanocubes exposing the {100} surface plane, it is inferred that the gold nanoparticles on the ceria nanorod surface also have a low activity in such reactions. For liquid phase alcohol oxidation, metallic gold nanoparticles are the active sites. In the absence of a base, the O-H bond cleavage appears to be rate limiting, while this shifts to C-H bond activation after addition of NaOH. In the latter case, the gold nanoparticles on the surface of ceria nanocubes are much more active than those on the surface of nanorod ceria.
